A 'forest-hydrology-poverty nexus' hypothesis asserts that deforestation in poor upland areas simultaneously threatens biodiversity and increases the incidence of flooding, sedimentation and other damaging hydrological processes. This paper uses rough heuristics to assess the applicability of this hypothesis to Central America. We do so by using a simple rule of thumb to identify watersheds at greater risk of hydrologically significant land use change: these are watersheds where there is a relatively large interface between agriculture and forest, and where this interface is on a steep slope. The location of these watersheds is compared with spatial maps of poverty and forests (for Guatemala and Honduras) and with maps of population and forests (for Central America at large). The analysis is performed for watersheds defined at different scales. We find plausible evidence for a forest-biodiversitypoverty connection in Guatemala, and to a lesser extent in Honduras. In the rest of Central America, there are relatively few areas where forest meets agriculture on steep slopes-either the forest or the slopes are lacking. And the ratio of these forest/agriculture/hillside interfaces to watershed area declines markedly as larger-scale watersheds are considered. This directs attention to relatively small watersheds for further investigation of the 'nexus'.
and sedimentation within smaller watersheds (Kiersch and Tognetti 2002; van Noordwijk, Richey, and Thomas 2003) .
Our goal is to get a rough empirical fix on the applicability of the deforestation-hydrologypoverty linkage as it applies to Central America. We do so by using a simple rule of thumb to identify watersheds at greater risk of hydrologically significant land use change: these are watersheds where there is a relatively large interface between agriculture and forest, and where this interface is on a steep slope. For two countries with fine geographic-resolution data on poverty, we assess the overlap between poverty areas and hydrologically sensitive watersheds. For these countries, and the region as whole, we assess the population, area, and biodiversity-relevant forest area contained within hydrologically sensitive watersheds. Since watersheds are nested and exhibit different processes at different scales, we carry out these analyses for watersheds evaluated at different scales. Our attention focuses mostly on watersheds of less than 200 km 2 , however, because it is within these watersheds that we expect to see the largest relative effect of land use change on hydrological processes.
Hydrological context
Our analysis is motivated by several ways in which deforestation might degrade hydrological functions and impose risks or costs on people. First, conversion of forest cover to crops or to bare soil is associated with landslides, a serious concern in Central America (Perotto-Valdiviezo et al in press) . Second, loss of forest cover can increase the risk of flooding.
There are two mechanisms behind this: total water yield increases (because evapotranspiration is greater for trees than for most other land covers), and infiltration often decreases, in part due to compaction or other soil changes from subsequent land uses. Third, it is possible that deforestation could lead to reductions in dry season flows, if the reduction in infiltration outweighs the increase in water yield. Loss of forest cover can lead to erosion and downslope sedimentation. Finally, loss of cloud forests reduces the 'harvesting' of moisture from fog and clouds, and thus possibly reduces the net supply of water to valleys.
(Against this, it should be noted that deforestation elsewhere generally increases total water yield, which can potentially seen as beneficial.)
The actual impact of deforestation on these hydrological functions depends on soil structure, topography, the nature of the land cover that replaces the forest, and on the spatiotemporal patterns of rainfall. There exist increasingly sophisticated and accurate process-based hydrological models which, when furnished with appropriate biophysical information, can simulate the effect of land cover change on these functions. For the present exercise, however, we focus on simple rules of thumb to identify areas that are might plausibly experience significant hydrological disturbance due to deforestation. It must be understood that these rules of thumb-even when interpreted as 'other things constant'-represent considerable simplifications of complex processes.
The rules of thumb are as follows:
• Risks are greater in smaller watersheds. There is consensus that deforestation can lead to flooding in the smallest watersheds, those under 100 km 2 (Kiersch and Tognetti 2002) . The strength of the deforestation-flooding relationship in larger basins has been controversial, due to lack of evidence (Chomitz and Kumari 1998; Calder 2000; van Noordwijk, Ranieri, and Tomich 2002) . On theoretical grounds, one would expect a milder response of flooding to deforestation in larger basins, due to patchiness of rainfall. As a small storm passes over a large basin, local watersheds experience transient floods, but these even out as individual tributaries merge into the basin's main river. Recent analyses, using process-based hydrological models, suggest that 'far-field' flooding effects of a given proportion of basinwide deforestation may in fact be detectable in basins of at least a few thousand square kilometers, and possibly much larger. (van Noordwijk, Richey, and Thomas 2003) . However the impacts of a given absolute area of deforestation clearly are diluted (literally), as measurements are taken farther downstream.
Similarly, the effect of land use change on sedimentation is expected to decline with watershed size, because the sediment has more opportunities to be intercepted and redeposited as the watershed grows. This study takes a conservative approach, focusing on local (within-watershed) hazards of watersheds less than 200 km 2 in extent.
• Risks are greater, the larger the proportion of the watershed subject to deforestation. Many of the hydrological changes of interest are closely linked to changes in water yield. The absolute increase in water yield is roughly proportional to the area deforested, and hence (holding rainfall constant), so the relative basin-wide impact is related to the proportion deforested.
This rule of thumb is rough, though, because the proportional change in basin discharge depends on the level of rainfall. In drier areas, where a larger proportion of incident rainfall is subject to evapotranspiration, the relative effect of deforestation will be greater (van Noordwijk, Richey and Thomas 2003) . And, as noted above, hydrological functions other than water yield scale less than proportionally with basin size.
• Risks are greater on steeper slopes. Loss of forest cover on steep slopes is demonstrably related to higher landslide risk (Perotto-Valdiviezo et. al in press) and to greater levels of erosion and sedimentation. To the extent that the loss of infiltration is more severe on deforested slopes than in flat areas, the consequence could be both greater flooding and diminished low-flows.
Biodiversity context
For the purposes of this study, we rely on a robust rule of thumb relating deforestation to biodiversity: loss of forest habitat is bad for biodiversity. In general, the equilibrium number of supported species declines as a function of habitat area (Brooks Pimm and Oyugi 1999) .
In areas such as Central America where natural habitat has already been highly fragmented, further habitat loss can result in forest patches too small to maintain viable populations of key species of flora and fauna, leading potentially to an unraveling of the ecosystem. While a more nuanced (and data intensive) study of biodiversity risk might employ information on forest fragmentation and on patterns of species richness and endemism, for present purposes we simply use forest area at risk of conversion to agriculture.
Central American Context
Central America is an apt location for examining forest-poverty-biodiversity linkages. About half its population is classified as poor, and a third of its area is mountainous (table 1). It is particularly rich in biodiversity, with 4,715 endemic plant species and 451 endemic vertebrates (UNDP 1999) . It is part of the Mesoamerican biodiversity hotspot (Myers et al 2000) , one of 25 places in the world characterized by extremely high plant endemism and high levels of natural habitat loss to date.
This biodiversity continues to be threatened by land use change. A recent NASA study (Sader et al, n.d.) found annual deforestation rates during the 1990s ranging from 0.16 percent to 1.28 percent in eight Landsat scenes, with a mean of 0.58 percent. A similar sample study by Achard et al (2002) reported annual deforestation rates of 0.8 percent to 1.5 percent.
Guatemala accounts for almost one-third of the population of Central America with a population density second only to El Salvador. Guatemala is amongst the poorest countries in Latin America. Almost 16 percent of the population is extremely poor (i.e. has a per capital annual income of less than $243.6) and more than half the population is poor (has a per capita annual income less than $550. Honduras is poorer than Guatemala, with gross national income per capita of $860.
Mountainous regions comprise 61 percent of its territory; forests, 37 percent. Management of hillside agriculture has long been a serious concern for the country, since most of the rural poor live on hillsides and erosion is thought to be high. (Barbier and Bergeron 2001) 
Data and methods
Source data for these analyses (Tables 2a, 2b and 2c) include a number of recently derived digital map products with scales (typically 1:250,000) providing finer spatial resolution than older data. Honduras: The 3730 Honduran aldeas (4 th administrative level) are the smallest spatial unit for which data was available. Population data from the National Institute of Statistics (INE) was used from 1999 and was projected to 2000 using historical departmental (2 nd administrative level) population growth rates between 1974 and 1988.
Poverty
Guatemala: Municipio-level poverty estimates were constructed by a multi-agency technical team consisting of representatives from SEGEPLAN-INE-URL with technical assistance provided by the World Bank using the method of Elbers, Lanjouw, and Lanjouw (2003) . It combines data from the 1994 census and detailed consumption data from a small-sample household budget survey from 1998-99 (ENIGFAM). The survey data is used in regression analyses to calibrate data from the national census, which offers finer spatial detail but less information about consumption. The estimated equation is then applied to the census data (explanatory variables common to the census and the survey) so as to impute consumption levels for all census households. These household-unit imputations are then aggregated to small statistical areas, to obtain more robust estimates of the percentage of households living below the poverty line. The consumption estimates were used to generate estimates of the number of people below the poverty line by municipio (as of 1994).
Honduras: CIAT has produced an aldea-level composite index of basic human needs, combining an educational attainment index (enrollment ratio and adult literacy rate) with a shelter quality index and a health status index (Oyana 1997). The index was used to assign households in four classes of increasing poverty, plus an 'above poverty line' class.
Municipios were then assigned to four income classes based on the proportion of households deemed "extremely poor" or "poor": Topography and watershed delineation Topographic data were obtained for Central American countries from a variety of sources.
( Table 2c) . We generated a 100-meter hydrologically correct elevation surface by interpolating contour lines and spot heights in combination with lakes and rivers data. In turn we identified the rate of maximum change in elevation at each grid cell to generate a slope map.
Watershed boundaries were generated by identifying the direction of steepest descent from each cell, flow direction and surface flow accumulation. Because watersheds are nested, they can be identified at different scales. Our primary interest is in smaller watersheds, but our ability to delineate these watersheds is limited by the resolution of the underlying elevation data and by the scale of the poverty data we wish to relate to watersheds. For Guatemala we identified a set of complete and non-overlapping watersheds with mean area of 200km 2 . For
Honduras we identified watersheds at three scales with mean areas of 200, 100 and 50km 2 .
Construction of 'critical zones' and measurement of hydrological sensitivity.
As explained earlier, we assume as rough rules of thumb that watershed-level changes in hydrological function are greater, the higher the proportion of the watershed undergoing land cover change, and the greater the proportion of this land cover change on steep slopes.
(Clearly many other factors come into play, including soils and precipitation patterns.) We propose a crude indicator of the sensitivity of a watershed's hydrological processes to ongoing land use change, as follows. Grid cells that lay on the interface between forested and agricultural land were identified. This interface was further refined by selecting only those cells which were on slopes of 8 percent (moderately sloping) or greater. A 1 km buffer region, 500m either side of this interface 2 was defined as the 'critical zone' where upland land cover change between forest and agriculture was most likely to occur (figure 6). This assumption is supported by remote-sensing studies in a variety of locales that show that forest edges face severe deforestation risk (Dawning, Iverson, and Brown 1993; Alves 1999; McConnell Sweeney and Mulley 2004) . Finally, we define a watershed's hydrological sensitivity as the ratio of its critical zone area to total area.
Analytic procedures
For all the analyses, we calculated hydrological sensitivity for sets of watersheds defined at different scales. We calculated watershed forest cover and estimated watershed population (total and, for country-specific analyses, below-poverty-line). Population was allocated from municipios to watersheds on the assumption of constant within-muncipio population densities. This assumption is relatively innocuous where mean watershed size is much larger than mean municipio size, but could introduce errors where municipios encompass or overlap several watersheds 3 . We categorized watersheds by hydrological sensitivity, using a 2 In our classification, shrubland and wetlands were classified as neither agriculture nor forest. Hence shrubland-agriculture and shrubland-forest interfaces were not included in the calculation of critical zones.
Since shrublands are most prominent in Honduras (where they account for 7% of land area), we recomputed the analysis for Honduras shrublands classified as forest. Changes were minor. We chose a symmetric, rather than forest-side only, buffer on the assumption that the forest-agriculture interface may be imprecisely defined where forest-agriculture mosaics exist. 3 In this case, the assumption of constant population density may tend to overestimate population, and underestimate poverty rates, in steep, forested watersheds. These estimates could be refined using the method of Thomas (2001) . This would involve regressing municipio-level poverty data on municipio means of biophysical data (e.g. proportion of municipio in different elevation, slope, or distance-to-road classes). The regression estimate would then be applied to fine-scale gridded data on these regressors to impute poverty across the landscape -say on 2 by 2 km gridded cells. Finally, this cell level data would be re-aggregated to the watershed level.
nested categorization of watersheds For instance, the category 5 percent+ includes all watersheds with at least 5 percent critical area. Figures 1 through 7 show data layer inputs and results for Guatemala, as an example.
Results

Guatemala
In Guatemala, there appears to be a strong coincidence between hydrological sensitivity, poverty, and biodiversity for watersheds defined at the 200 km 2 scale. Figures 8 and 9 show that many watersheds are characterized by a combination of high poverty rate, high absolute numbers of poor, large absolute areas of montane forest and significant hydrological sensitivity. These relations underlie the tabulations reported in table 3 and figure 10.
Watersheds with sensitivity of 10 percent or more contain 70 percent of the nation's poor people and 89 percent of its montane forests. The 77 watersheds with sensitivity of at least 25 percent cover only one sixth of the country's area, but contain a third of its poor people (2 million in number) and 42 percent of its montane forest. Average poverty rates increase with sensitivity -from 60 percent poor at 10 percent+ sensitivity to 70 percent poor at 25 percent+. More strikingly, the minimum poverty rate increases sharply with increasing sensitivity. No watershed with sensitivity greater than 25 percent has a poverty rate below 40 percent.
Honduras
The nexus is qualitatively similar though less pronounced in Honduras, and intensifies when the analysis is conducted for smaller watersheds. Nonetheless, there is overlap among poverty, forest cover and hydrological sensitivity.
Watersheds with hydrological sensitivity of 10 percent or more contain about half of the country's poor people, and 58 percent of its montane forest Watersheds with 20 percent+ sensitivity contain 10 percent of Honduras's poor and 15 percent of its montane forest. In contrast to Guatemala, few watersheds at the 200 km 2 scale have sensitivity levels above 20 percent.
These results are themselves sensitive to the scale of the watershed being considered. Figure   12 repeats figure 11 , but is calculated for watersheds with mean size of about 50 km 2 .
Focusing at this scale reveals that the sensitivity of some small-scale watersheds is obscured when they are aggregated into larger ones. Thus the area of sensitivity 20 percent+ watersheds is substantially greater when smaller watersheds are considered. At the 50 km 2 scale, watersheds with 20 percent+ sensitivity contain 17 percent of the country's poor people and 25 percent of its montane forest.
Central America
Finally, watersheds with sensitivity of 20 percent or more account for 121,000 km 2 and over 13 million people. Figure 13 shows these watersheds, which are predominantly located in Guatemala, Honduras, and Costa Rica. Other areas of Central America fail to meet our sensitivity criteria, based on available data.
Discussion and conclusions
The analysis directs attention to natural resource management in small (less than 200 km 2 or even less than 50km 2 ) watersheds. It is in these small watersheds that the relative scale and rapidity of land cover change is likely to be large. That is, it is presumably more likely that a 50 km 2 watershed could lose half its forest cover in a decade than a 5,000 km 2 watershed.
Moreover, watersheds of this size are likely to exhibit larger changes in hydrological behavior (aside from total water yield) for a given change in land cover than larger ones. Finally, it may be easier to organize residents of a small watershed for collective action.
The analysis suggests that indeed there are localized nexi where poverty, biodiversity, and hydrology concerns are likely to coincide. Guatemala emerges, in particular, as a place where poverty, biodiversity threats, and hydrological sensitivity may be concentrated in small watersheds. In Honduras, there is also a significant poverty-biodiversity-hydrology nexus, though the overlap is not as marked as in Guatemala. Hydrologically sensitive areas (by this definition) are found in much of Costa Rica and in some sections of El Salvador and
Nicaragua.
This analysis can suggest geographical priorities for attention to the poverty-biodiversityhydrology nexus. But the coincidence of these three concerns doesn't necessarily mean that a single policy prescription can address all three. Key questions for in-depth diagnosis might include:
• Who is responsible for deforestation, and what economic or other incentives drive deforestation?
• If forest is being converted to agriculture, what are the hydrological properties of the transformed landscape?
• Who is exposed to the potential negative hydrological impacts of deforestation?
Careful diagnosis will suggest whether the three problems -biodiversity loss, poverty, and hydrological disturbance -can be addressed by a single policy, or will require two or even three distinct responses. For instance, conversion of native forest to agroforestry may help to alleviate poverty without negative hydrological effects, but could hurt biodiversity. (van Noordwijk, Richey and Thomas 2003). Conservation of native forests could stabilize hydrology and conserve biodiversity, but poor downslope beneficiaries of hydrological services may be unable to compensate (possibly wealthier) upslope farmers for refraining from deforestation.
Limitations of the analysis and directions for further work
The heuristic analyses presented here rest on a number of assumptions and cannot substitute for rigorous hydrological modeling. In particular, the analysis does not take account of: Nor does the analysis entirely rule out the potential for 'far-field' effects -notably the possibility that upland deforestation might affect water quality or flooding risk in lower-basin urban areas. This is particularly plausible when cities are located in small, steep watersheds. It is of particular interest because the urban population may have a large willingness to pay for watershed maintenance. Identification of far-field effects would however require the application of a process-based hydrological model such as VIC or DHSVM (van Noordwijk, Richey, and Thomas 2003) .
Finally, improved topographical data for Central America are now becoming available thanks to the SRTM (shuttle radar topography mission). This, together with new census data and better measurement of deforestation rates, will permit improved identification of hydrological risks.
Nonetheless, we believe that the current analysis is useful, given that rigorous hydrological modeling is complex and data-intensive. This analysis may guide future modeling and data collection efforts and serve as an interim resource for policy formulation. 
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